Alkaline earth stannates have renewed attention as potential materials for gas sensing, transparent conducting oxides and ceramic capacitor applications. A noble wet chemical route is chosen to synthesize BaSnO 3 powders having micron size grains. Problems related to uneven grains and poor densification in conventional solid state route have been overcome in the present method. X-ray diffraction data confirms the single phase formation without any secondary phase having cubic perovskite structure (S.G. Pm-3 m). The estimated lattice parameter is ≈4.11933 Ǻ and percentage density is ≈90%. The microstructure probed by scanning electron micrograph reveals almost homogeneously distributed particles having random shape with some porosity. Phonon modes in FT-IR and Raman spectra confirm the local symmetry distortion. The DC conductivity at 200˚C approaches almost 2 × 10 −2 (Ω-cm) −1 , which is almost of the same order as that observed in perovskite based electronic conductors. DC and a.c. electrical conductivity of the material follow Mott's variable range hopping at low temperature and Arrhenius type thermally activated process at elevated temperatures. Evidence of small polar on formation is also verified. Optical band gap estimated from absorption data is ≈2.94 very close to the reported value. Composition prepared through the noble wet chemical route has high electrical conduction and suitable for gas sensing applications.
Introduction
Barium stannate (BaSnO 3 ) belongs to the family of alkaline earth stannates havHow to cite this paper: Kurre, R., Bajpai, S. and Bajpai, P.K. (2018) Synthesis, Characterization, Optical and Transport Properties of BaSnO 3 Synthesized by Wet Chemical Route. Materials Sciences and Applications, 9, 92-110. Materials Sciences and Applications ing the general chemical formula MSnO 3 (M = Ca, Ba, Sr) and has been studied widely due to their potential applications in the field of thermally stable capacitors, photo catalyst, chemiresistive sensor materials for toxic and noxious gases [1] - [6] . It stabilizes in cubic perovskite structure at room temperature (space group Pm-3 m) with lattice parameter slightly varying from 0.4117 -0.4119 nm depending upon the method of synthesis used [7] [8] [9] [10] , and behaves like n-type semiconductor with an optical band gap reported from 3.1 -3.4 eV [11] [12] [13] [14] . BaSnO 3 (BSO)compositions have been widely investigated with a view to improving the sensor response for a number of target gases including NH 3 , Co, H 2 , Cl 2 , LPG, ethanol, NO x , humidity, O 2 , etc. [15] - [20] .
It may be noted that the bulk and surface electrical properties in polycrystalline ceramics are correlated with microstructure, grain size, density and intrinsic defects present in the material. For the synthesis of BSO powder, different physical and chemical methods are therefore, used to improve the conduction behavior. The solid state reaction route adopted mainly to improve the densification [21] - [26] encountered the problem of low densification and uneven grain growth. In solid state route, sintering in the range of 1200˚C -1400˚C was inadequate for proper grain growth, inter granular connectivity and adequate densification [19] . BSO ceramics sintered even up to 1600˚C for 12 h even could not eliminate the porosity and only after sintering for 72 h, the relative density > 95% was achieved [23] . Another major problem using high temperature sintering has been that the sintered material resulted into large anion defects and further that the high temperature processing is not compatible with sensor technology [27] . Self-heat sustained method [28] has been suggested as an alternate, and homogeneous grains of cubical nature are obtained in this method at 1325˚C, however, the non-uniformity of grain size has not been addressed [19] .
Chemical methods including oxalate co-precipitation method [10] towards smaller grain size so as to increase the surface area to improve the surface adsorption process. Despite large number of efforts devoted on the synthesis, detailed analysis of transport properties and their correlation with processing parameters based on systematic characterization of material structure at atomic level has been missing. In this paper, we tried to fill that gap and present the structural, microstructural features of the material synthesized through simple wet chemical method and probed the local structural details through FTIR and Raman spectroscopy. Optical band gap and electrical conduction mechanism operating in different temperature ranges are also probed.
Experimental Technique
The modified wet chemical method is used to synthesize barium stannate powders. The highly pure starting materials BaCl 2 (Aldrich, 99.5%), SnCl 4 After filtering, the product was repeatedly washed by distilled water to remove Cl − ions. The white powder was dried at 80˚C for 24 h by using a muffle furnace.
Finally, the dried barium stannate powders were annealed at 800˚C in ambient environment.
Annealed powders were structurally analyzed using X-ray diffraction data which were measured on X-ray diffractometer (Rigaku Smart Lab, Japan). In order to make impedance measurements, the fine annealed powder was pressed as cylindrical pellets (diameter 10 -12 mm and 1 -2 mm thickness) after adding a few drops of poly vinyl alcohol (PVA) as binder. The prepared powder was again annealed at 800˚C temperature in furnace for 5 h. After firing the samples were furnace cooled. The pellets were finally coated with conductive silver paint and dried at 500 ˚C for 2 h before performing dielectric and impedance measurements.
The percentage porosity was calculated using measured experimental density Figure 1 shows the room temperature X-ray diffraction pattern of BaSnO 3 powder prepared by wet chemical method. The XRD pattern shows peaks due to cubic perovskite structure only without any impurity peak. We have performed the Reitveld refinement on structural data using PDXL software with pseudo-Voight band profile in order to get the reliable estimate of the cubic cell parameters. Table 1 
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Structural Analysis
Microstructural Characterization
The surface morphology was studied by scanning electron microscopy (Zeiss, [49] . This results into folding of Γ-point of Brillion zone (Zone Centre) into M-and or R-point (zone boundary), as suggested by DFT based calculations also [47] . Thus, Raman spectroscopy could be used to track the local structural changes occurring in the material during processing as first order Raman activity is forbidden in cubic phase. On the other hand, three optical phonons are active in IR viz. TO 1 , TO 2 and TO 3 ; the LO-TO splitting is expected due to ionic character of bonds.
Nature of Phonon Modes
The unpolarised room temperature Raman spectrum for the composition is shown in Figure 3 . Raman modes due to BSO are observed at 135 and 241 cm −1 .
The band appearing at 152 cm −1 is probably due to BaCO 3 which may be formed if defects are present as reported earlier [50] . Non-observance of higher frequency modes in compositions is due to large background scattering suppressing these modes probably due to the presence of moisture. Appearance of modes shoulder around 421 cm −1 is also visible in compositions assigned to LO mode clearly indicating that the LO-TO splitting is present and local structure is distorted from cubic symmetry as evident from Raman spectra also.
Optical Properties
The optical (UV-Vis) absorption spectrum for the BSO powder has been measured using Shimadzu UV 1700 Pharma spec spectrophotometer in the absorption mode. The spectrum is shown in Figure 5 . Strong absorption bands around 250 nm and 430 nm are mainly due to optical transitions from valence band to conduction band involving O 2− : 2p and Sn 4+ : 5s orbitals. An absorption tail towards NIR region is also observed. Theoretically, for direct band semiconductors, the absorption coefficient follows the relation [52] ( ) This leads to the Tauc relation given as
Here α is the absorption coefficient, hω is the photon energy, A is a constant.
Thus, the optical band gap energy (E g ) can be calculated by plotting the graph between (αhν) 2 vs. (hν). Band gap (E g ) can be obtained by extrapolating the linear portion of the plot to the x axis, where (αhν) 2 = 0. The Tauc plot is shown in Figure 6 (a). The calculated band gap energy is 2.85 eV, which is albeit smaller to those reported earlier [53] . The smaller value of optical band gap in comparison to the known band gap of ≈3.1 eV may be due to local states formation near the band edge. It is well known that band gap measurements using the Tauc plot require the precise determination of absorption coefficient (α) in order to get correct value of band gap. However, for this, it is necessary to perform corrections to the absorption due to reflection. We have therefore, used an alternate procedure called absorption spectra fitting (ASF) to calculate the band gap [54] . The absorption spectra fitting procedure (ASF) has advantage over Tauc plot method as the optical band gap can be determined directly from absorbance data and without having the need to measure the thickness of the sample and is not affected by local states due to disorder.
ASF procedure has been a simple modification of Tauc plot method. This could be done by rewriting Equation (1) as ( ) ( ) It seems that low temperature conductivity mechanism may be Mott-type variable range hopping, whereas, at higher temperature, it may be thermally activated Arrhenius type. To get a clear picture of conductivity mechanism and to understand the transport behavior, the role of electronic structure of the doping becomes crucial [56] . However, in pure material, defects (intrinsic) generated during synthesis may modify Sn structure partially reducing Sn 4+ into Sn 2+ , increasing charge career density and also creating disorder in the octahedral (SnO 6 ) units restricting the long range motion of charge species. Thus, conduction may occur due to hopping of electron between equivalent sites. As per the Mott's variable range hopping (VRH) model, the electrical conductivity in bulk due to hopping can be expressed as [57] ( )
Electrical Conductivity and Transport Properties
Here T 0 is the Mott's characteristic temperature which depends on density of states in the vicinity of Fermi energy and localization length "a" given as [58] ( )
The mean hopping distance R h (T) and hopping energy E h (T) at a given temperature T could also be estimated in terms of T 0 and localization length as given by [59] 
And ( )
We fitted the temperature dependent dc electrical conductivity data using
Mott's VRH model (Equation (4)) as shown in Figure 8(a) . The plots reveal that the range of temperature in which data could be fitted with VRH model is restricted only at higher temperatures. This means that the conduction mechanism is dominantly governed by the disorder induced localization of charges at elevated temperatures.
(a) (b) Figure 8 . (a) Plot of temperature dependent DC conductivity data fitted with Mott-Davis small polaron approach. Lines are theoretical fit to Equation (7), and (b) theoretical fit using Mott's variable range hopping approach, Equation (1). Some reports have also indicated the role of small polaron in the conduction in alkali earth stannates [60] . A small polaron may be formed when an excess of charge carriers moves slowly and stays at some atomic position so as to allow the coordinate ion to adjust its position due to the presence of the carrier. The conduction may take place by diffusion of electrons at localized sites. In fact, in La-substituted SrSnO 3 , it is suggested that conduction occurs through low polaron hopping of electrons between localized ions Sn 4+ /Sn 2+ .
In order to confirm the nature of hopping conduction, we use Mott-Davis small polaron hopping model [61] which has been found successful in many rare earth transition metal oxide systems at high temperature including Fe-substituted SrSnO 3 [62] . According to small polaron hopping, the temperature dependent electrical conductivity can be expressed as
where E p is the activation energy, k B is the Boltzmann constant and T is absolute temperature. In order to estimate the polaron hopping energy, we plotted the ln(σT) vs. 1000/T in Figure 8 (b). The activation energy is related to polaron hopping energy (W H ) and disorder energy (W D ) in the temperature range given by [63] ( ) ( )
Here θ D is Debye temperature. The plot(logσT vs. 1000/T) deviates from straight line at certain value of temperature denoted by θ D /2 in Figure 8(b) . The slope of high temperature side (above θ D /2) has been used to estimate the activation energy of polaron (E p ), which comes out to be 0.08 eV. Analysis clearly reveals that oxygen vacancies are not the dominant defects involved in charge transport and probably protonic type of conduction takes place with small polaron formation being evident at higher temperatures. Figure 9 shows the frequency variation of ac conductivity (σ ac ) at different temperatures. The ac conductivity was calculated from the impedance data using the figure) . The lines in each plot are theoretical fit using Jonscher's universal power law (Equation (7) in the manuscript).
AC Conductivity
pattern occurs is known as hopping frequency (ω p ) suggesting that the electrical conduction occurs via hopping mechanism governed by Jonscher's power law [64] . The frequency dependence of a. c. conductivity may arise due to free as well as bound charge carriers. In case of conduction being due to free carriers the conductivity showed decrease with increase in frequency [65] . In our case, a. c. conductivity remains frequency independent and increases with frequency only after a certain frequency; therefore, bound charges trapped in the materials seems to be mainly responsible for conduction. Energy required for the relaxation/orientational process is lower than that required for mobility of charge carriers over a long distance. The observed almost frequency independent ac activation energy at lower frequencies indicates that contribution due to long range charge mobility is insignificant in the material. Figure 9 . From the theoretical fit (lines in the plot) it is evident that ac electrical conductivity spectrumobeys Jonscher's power law at all frequencies; hence electrical conduction of the materials is thermally activated process at these frequencies. According to Jonscher [64] , the origin of the frequency dependent conductivity lies in the motion of mobile charge carriers. When a mobile charge carrier hops to a new site from its original position, it remains in a state of displacement between two potential energy minima. After a sufficiently long time, the defect could relax until the two minima of lattice potential energy coincide with the lattice site.
Conclusion
Phase pure BaSnO 3 powder has been successfully synthesized using simple wet chemical route. Composition is stabilized in average cubic structure (Pm-3 m). Nature of the vibrational modes in both IR and Raman reveals local symmetry distortion probably due to intrinsic defects generated during synthesis. The optical band gap is 2.95 eV, very close to the reported value. The high value of dc electrical conductivity at room temperature, almost dispersion free and temperature independent nature of a. c. conductivity spectra reflect significant improvement in the electrical behavior of the composition with respect to those reported from conventional solid state route. The conduction mechanism is found to be governed by Mott's variable range hopping mechanism at lower temperature and thermally activated at elevated temperatures. Small polaron formation also seems to be the possibility at high temperature. Small values of activation energy derived from conductivity data rule out the possibility of oxygen vacancies being involved in dc conduction process.
